We investigate the electric field shielding of ultracold collisions of dipolar rotors, initially in their first rotational excited state, using an adimensional approach. We establish a map of good and bad candidates for efficient evaporative cooling based on this shielding mechanism, by presenting the ratio of elastic over quenching processes as a function of a rescaled rotational constantB = B/sE 3 and a rescaled electric fieldF = dF/B. B, d, F, sE 3 are respectively the rotational constant, the full electric dipole moment of the molecules, the applied electric field and a characteristic dipoledipole energy. We identify two groups of bi-alkali dipolar molecules. The first group, including RbCs, NaK, KCs, LiK, NaRb, LiRb, NaCs and LiCs, is favorable with a ratio over 1000 at collision energies equal (or even higher) to their characteristic dipolar energy. The second group, including LiNa and KRb, is not favorable. More generally, for molecules well described by Hund's case b, our adimensional study provides the conditions of efficient evaporative cooling. The range of appropriate rescaled rotational constant and rescaled field is approximatelyB ≥ 10 8 and 3.25 ≤F ≤ 3.8, with a maximum ratio reached forF 3.4 for a givenB. We also discuss the importance of the electronic van der Waals interaction on the adimensional character of our study.
I. INTRODUCTION
Ultracold dipolar molecules have been the subject of tremendous experimental and theoretical investigations these past years. They are promising candidates for many interesting applications [1] , from many-body physics [2] to ultracold controlled chemistry [3, 4] , from quantum information [5] to precision measurements [6] . Different kinds of ultracold dipolar molecules exist now. They have been produced in ultracold gases with high enough densities to study their two-body interactions and collisions [7] . They can possess an electric or magnetic dipole moment so that they can be controlled by either an electric or magnetic field. These molecules can be fermionic or bosonic, chemically reactive or not, and produced in the absolute ground state or in a weakly bound state. Examples of fermionic molecules are 40 [12] are examples of bosonic molecules. They were produced in their absolute ground state in which they possess an electric dipole moment and can then be controlled by an electric field [13, 14] . Magnetic dipolar ultracold molecules such as Er 2 have also been produced in a weakly bound state. They possess a magnetic dipole moment and can be controlled with a magnetic field [15] .
However, all these molecules share the same problem: they suffer from two-body collisional losses (quenching) whether it is due to the chemical reactivity of the molecules [16, 17] , inelastic collisions to lower molecular states [15] , or possible collisional losses mediated by long-lived complex [18, 19] . It is then problematic to reach the quantum degeneracy of an ultracold gas of dipolar molecules. Quantum degeneracy can be reached by evaporative cooling, which was succesfully applied to obtain Bose-Einstein condensates of ultracold neutral atoms [20, 21] and degenerate Fermi gases [22] . The technique relies (at least but not only) on large two-body elastic rate coefficients for fast thermalization times and on small quenching rate coefficients for low collisional losses. Therefore, shielding the molecules from these unwanted collisional losses is absolutely essential to reach quantum degeneracy in ultracold gases.
A somewhat counter-intuitive scheme has been proposed to shield polar molecules from quenching collisions, by preparing them in their first rotationally excited state. In this state, if the electric field is tuned just above a critical value, there results an effective repulsion that keeps the molecules from changing their internal state or reacting. This has been studied for inelastic collisions [23] , reactive collisions of 1 Σ molecules [24] or 2 Σ molecules [25] . In contrast with these previous works, this paper presents a systematic study using an adimensional perpective. We determine adimensional rescaled parameters that govern the dynamics of the systems, namely a rescaled rotational constant, a rescaled electric field and a rescaled collision energy. Then, all molecules are treated on equal footing with the same rescaled formalism [26] [27] [28] [29] [30] . We find the molecules and the range of the rescaled parameters for which the collisional loss suppression is low enough so that evaporative cooling techniques can be used efficiently to reach quantum degeneracy in ultracold gases of dipolar molecules.
The paper is organized as follows. In Sec. II we briefly recall the formalism used in the former papers [23] [24] [25] using dimensional quantities. Then we introduce the adimensional formalism based on the dipolar interaction which defines a characteristic length and energy. We obtain adimensional rescaled cross sections, rate coefficients and scattering length as a function of the rescaled parameters. We present and discuss our results in Sec. III. With a single figure, one can determine the good molecular candidates for efficient evaporative cooling based on the shielding. We also discuss the importance of the electronic van der Waals interaction on the adimensional character of our study. Finally, we conclude in Sec. IV.
II. THEORY
A. Presentation of the scattering problem using dimensional quantities
We consider collisions between two species 1 and 2 of mass m 1 and m 2 , in the presence of an external electric field F . The direction of the electric field is chosen as the space-fixed quantization axis. The species 1 and 2 are diatomic molecules considered in this study as dipolar rotors with permanent electric dipole moment
We do not consider the hyperfine structure. The scattering Hamiltonian can be written
where µ = m 1 m 2 /(m 1 + m 2 ) is the reduced mass for the molecule-molecule collision, r is the distance between the species' centers of mass, andl is the space-fixed operator for the orbital angular momentum between the two species.Ĥ 1 andĤ 2 describe the Hamiltonian of the isolated species 1 and 2, including their interactions with the applied field.V =V el +V dip contains all interactions between the species, with contributions that include the electronic potentialV el and the dipole-dipole interaction V dip . In Sec. II B, Sec. II C, and Sec. II D, we will reduce the formalism to a model that consists in taking the long-range interaction of the molecules and treating the short-range interaction using an absorbing potential. The Hamiltonian for an isolated dipolar rotor iŝ
wheren is the rotational angular momentum and I the moment of inertia of the dipolar rotor. The corresponding rotational constant is related to the moment of inertia by B = 2 /2I. The angle θ corresponds to the angle between the permanent dipole moment and the electric field. The dipolar interaction iŝ
where T k represents a spherical tensor of rank k and u r is a unit vector in the direction of r. We solve the quantummechanical scattering problem using the coupled-channel method. The total wave function is first expanded in a set of N conveniently chosen basis functions |i ,
where ξ is a collective variable including all coordinates except r, and i is the set of quantum numbers that label the basis functions. Each different combination of quantum numbers i defines a channel. We choose for the individual species the set of bare basis functions |α 1,2 ≡ |α = |n m n , so that
The eigenfunctions of the corresponding matrix become the dressed internal states |α 1,2 ≡ |α = |ñ m n . The projection quantum number m n remains a good quantum number while n is not.ñ indicates that the dressed state |ñ m n has a main character in n when F 0, but is in general a linear combination of the bare states |n m n . The corresponding eigenvalues of the dipolar rotors 1 and 2 in the field are Eα 1 and Eα 2 . The basis functions are then symmetrized in terms of |α 1,2 , adding the orbital angular momentum, so that |i is defined in Eq. (4) by
The corresponding energy of the channel |i is E i = Eα 1 + Eα 2 , the energy of the two separated dipolar rotors 1 and 2 in the field. η = +1 (η = −1) corresponds to a symmetric (anti-symmetric) function with respect to permutationP of the identical species 1 and 2. The permutation operator acts on the basis function asP |i = η (−1) l |i . On the other hand, from the symmetrization principle, P |Ψ = P |Ψ , where P = +1 for identical bosons and P = −1 for identical fermions. This condition implies from Eq. (4) thatP |i = P |i and imposes the selection rule η (−1) l = P . The time-independent Schrödinger equationĤ|Ψ = E tot |Ψ , for the scattering wave function |Ψ expanded over the dummy argument i and for a total energy E tot of the colliding system, provides a set of N by N coupled differential equations for the channel functions χ i (r) when projected onto the N possible bra i|,
Using the form of the Hamiltonian in Eq. (1), we get the following set of coupled equations,
where we used the notation V i,i ≡ i|V|i . The total energy E tot = E init +E c is the sum of the initial combined molecular state and the collision energy E c . Each term of the equations has dimensions of energy. We will now get rid of the dimensional character of the equations.
B. The adimensional scattering problem
The adimensional problem is set up by defining a typical characteristic length and energy from the form of the interaction. A C n /r n type interaction defines characteristic length and energy scales [29] 
As the physics of the shielding occurs due to the dipoledipole interactions at nonzero applied electric field at a large r, the dominant and most relevant energy scale of the theory is the dipolar interaction. The matrix representation of this interaction in i|V|i can be written as
with
, and ζ i,i (l, l , m l , m l ; F ) being adimensional geometrical coefficients depending on the orbital angular momentum as well as the rotational angular momentum via the dressed states i, i . We also indicated the implicit dependence of the coefficients on F . Hence, the length scale for the r −3 dipolar interaction term is
and the corresponding energy scale is
This defines adimensional lengths,r ≡ r/s r3 and energies E ≡ E/s E3 . If one includes onlyV dip inV, the rescaled coupled-channel equation for a given channel |i becomes
There are as many equations as channels |i . The above adimensional equations display three adimensional quantities relating to the physical parameters of the colliding system. The first one,
represents the rotational constant rescaled over the dipolar energy. It depends on the rotational constant, the reduced mass and the full electric dipole moment of the system. Therefore the first parameter contains all the information of an individual dipolar rotor and is fixed for a given system. The second parameter in Eqs. (13) is
It represents the difference between the energy E i of two separated dipolar rotors in channel |i and the energy E init of the initial state, rescaled by the rotational constant. The individual rescaled energies Eα 1,2 /B are obtained directly from Eq. (5) when the equation is divided on both sides by the rotational constant B [31] . They are function of a rescaled field defined bỹ
and plotted in Fig. 1 as a function ofF . The rescaled energies E i /B are plotted in Fig. 2 as a function ofF . In the following, as the rescaled energies, their differences, as well as the coefficients ζ i,i are fixed for a given rescaled field, the second parameter is monitored implicitely by the rescaled fieldF in which the system is colliding. The third parameter in Eqs. (13),
corresponds to the collision energy rescaled over the dipolar energy. In this study, we will consider the ultracold regime so thatẼ c → 0 and is fixed for a given initial state of the system. The adimensional equations depend solely onB andF .
C. Adding the electronic van der Waals interaction
Eqs. (13) are useful to determine which parameters are the relevant ones using an adimensional perspective. However, this is possible because we have only used the dipolar interaction as the typical interaction, which defined the proper length and energy scales s r3 and s E3 . In practice we also have to include the electronic interaction. We use a simple long-range, isotropic description based on the leading dispersion term. The matrix representation of the electronic interaction in i|V|i is then
where C el 6 represents the electronic van der Waals coefficient between the two dipolar rotors. It must be noted, however, that this term is not rigorously scale-free inr for it defines a different characteristic length
Therefore, we cannot end up in general with a strictly adimensional study. Neglecting the electronic van der Waals term is also not possible given that in some cases the geometrical factor ζ i,i vanishes in the diagonal element of i|V dip |i , such as for an incoming and outgoing s-wave l = l = 0. However, if the electronic van der Waals term plays a negligible role in the shielding effect, the study can be considered adimensional. In practice, we don't use the adimensional coupled equations Eqs. (13) to compute the scatering properties. We instead solve the dimensional coupled equations in Eqs. (8) for a fixed electronic C el 6 coefficient and appropriately come back to adimensional rescaled quantities. At the end of Sec. III, we discuss in more detail for which systems the electronic van der Waals interactions play a negligible part and therefore when the study becomes adimensional.
D. Cross sections, rate coefficients and scattering length
The close-coupling equations are solved for each r from a minimum value r min to a maximum value r max using a log-derivative propagation method [32, 33] . At r min , we initialize the propagation by a complex, diagonal logderivative matrix Z whose elements are given by [24] Z(r = r min ) =
where
c = cos (k min r min + δ SR ) and s = sin (k min r min + δ SR ). 0 ≤ p SR ≤ 1 and 0 ≤ δ SR ≤ π are two parameters that tune the loss probability and the phase shift of the incoming flux at r min . This is as if we had approximated the "chemically-active" internal configuration region (r ≤ r min ) of each channel |i by a square-well potential from r = 0 to r = r min , whose depth is given by
and whose corresponding log-derivative is Eq. (20) at r = r min . At the end of the propagation, one usually obtains the scattering matrix S by applying asymptotic boundary conditions at r max when V i,i (r = r max ) → 0. As we start with an arbitrary complex log-derivative in Eq. (20) mimicking a phenomenological loss at shortrange, it implies that the S matrix is not necessarily unitarity. The diagonal element of a given column determines the magnitude of the elastic process while the sum of the off-diagonal terms determines the inelastic processes. The (positive) difference of unity with the sum of the modulus square of the elements of a matrix column determines the (phenomenological) loss processes. In our study, we do not distinguish between loss and inelastic processes, they all contribute to destruction or removal of the molecules in an experimental trap. Therefore, we consider only the quenching processes which are the sum of the inelastic and the loss processes.
As we are interested in scattering properties that are independent of the collision energy, it is then more useful to present and compute the scattering length instead of the cross sections or the rate coefficients. The s-wave scattering length becomes a constant when the wavevector k = 2µE c / 2 → 0. It is defined as [34] 
with a im ≥ 0. S 00 represents the diagonal elements of the S matrix corresponding to the initial collisional state taken into consideration. The cross sections and rate coefficients are related to the scattering length by
where ∆ = 2 if the particles are identical and start in indistinguishable states, ∆ = 1 otherwise. Since we are using the dimensional equations Eqs. (8) we have to rescale the quantities so that they are adimensional. This is done by dividing the scattering length with the characteristic length s r3 ,ã =ã re − iã im = a/s r3 . Similarly, we get the rescaled cross sectionsσ = σ/s σ3 using a characteristic cross section s σ3 = 4πs 2 r3 . The rescaled rate coefficients β = β/s β3 are obtained by using a characteristic rate coefficient s β3 = s σ3 × s v3 , where s v3 = /µs r3 corresponds to a characteristic velocity. The rescaled scattering length, cross sections and rate coefficients are now related bỹ
Note thatk is characterized via s E3 by the full dipole moment of the molecule, measured in a body-fixed frame (molecular frame). In reality, what one observes in a space-fixed frame (laboratory frame) is the expectation value of the dipole moment, namely the induced dipole moment d ind , for a given applied electric field. Therefore, a more apropriate characteristic energy that quantifies the dipolar interaction between the molecules is the one using the induced dipole moment instead of the full dipole moment. This energy depends on the applied electric fieldF and characterizes the typical energy at and below which the quantum regime is reached, typically when indistinguishable bosons collide in the single partial wave l = 0 (s-wave) or indistinguishable fermions in the single partial wave l = 1 (p-wave). We note this "quantum regime" energy E QR (F ), and the limit of validityk → 0 above corresponds to the condition E c ≤ E QR (F ).
Finally, an important quantity for experiments is the ratio γ of the elastic over the quenching cross section or rate coefficient. This ratio is given by
This ratio determines the efficiency of the evaporative cooling technique in order to reach the quantum degeneracy of ultracold gases.
III. RESULTS AND DISCUSSION
We consider ultracold identical bosonic molecules prepared initially in the state |ñ 1 m n1 |ñ 2 m n2 = |10 |10 . Another state |00 |20 crosses the initial state at a rescaled fieldF = 3.25. The energy curves of these states are indicated in the inset of Fig. 2 , where the initial energy E init is indicated as a red bold dashed line. It has been shown and explained [23] [24] [25] that the quenching processes were suppressed compared to the elastic ones, slightly beyond this field. We are then interested in the molecule-molecule scattering properties around this field. We assume the worst scenario for the molecules: when the two molecules are suffciently close to each other they disappear from the experimental trap. This can be due for example to a chemically reactive collision [17] , inelastic transitions to other states, collisional losses mediated by a long-lived complex [18, 19] . In our calculations, this is satisfied when full loss p SR = 1 is invoked in Eq. (20) . Thus the starting diagonal elements of the log-derivative matrix for a given channel are purely imaginary and given by Z = −i k min . We used n 1,2 = [0 − 3] for the rotational basis set. We used l = [0 − 10] for the partial wave basis employed in Eq. (6). As we consider initial molecules in indistinguishable states, only symmetric states with η = +1 must be taken into acount in Eq. (6). As we consider identical bosonic molecules, then ε P = +1. The selection rules η (−1) l = ε P implies even partial waves l. The projection quantum number M = m n1 + m n2 + m l of the total angular momentum on the quantization axis is conserved during the collision. We performed calculations for M = 0 since the initial m n1 = m n2 = 0 and m l = 0 is the dominant projection at ultralow collision energies. In the following, we employ an arbitrary fixed rotational constant B . Fixing B * and d * is also convenient for varying the rescaled fieldF = d * F/B * , since it is sufficient to vary the electric field F only. We consider the scattering properties at collision energies E * c = 100 nK so that the third parameterẼ c is fixed. We used r min = 5 a 0 and r max is chosen so that k * r * max ∼ 5. As the mass µ * is changed here to vary the parameterB, k * changes accordingly, and so does r * max . Most of the systems investigated in experiments are diatomic dipolar molecules of alkali atoms for which the electronic C el 6 coefficients belongs to the range −20000 ≤ C el 6 ≤ −3000 a.u. [35, [37] [38] [39] . In this study we use a fixed value of C el, * 6 = −10000 a.u. between two molecules XY * . We discuss the effect of the C el 6 coefficient at the end of this section. We obtain the rescaled scattering lengthã and all related quantities (see Eq. (27)) by dividing the scattering length a * The quantity |ã| 2 /ã im ≡ γ/k is plotted in Fig. 3 as a function ofB andF . Different contour plots are drawn from dark blue for low values of this quantity (10 −4 ) to dark red for high values (10 6 ). White contour plots correspond to value ≥ 10 6 . When multiplying |ã| 2 /ã im by the rescaled wavevectork, this provides the ratio γ for the collision energyẼ c , see Eq. (27) . Therefore, this plot gives directly the ratio γ fork = 1 that is when E c = s E3 . For efficient evaporative cooling to occur, a ratio γ ≥ 100 [20] , and perhaps a safer value of γ ≥ 1000, is required. The latter condition corresponds in the figure to the orange, red, dark red, and white contour plots. Therefore, the condition for favorable evaporative cooling is delimited approximately by the regionB ≥ 10 8 and 3.25 ≤F ≤ 3.8, with a maximum ratio reached for F 3.4 for a givenB. Any other position in the plot is likely to be unfavorable. This universal feature is due to the shielding mechanism [23] [24] [25] [26] when the incident collisional channel becomes repulsive enough so that the quenching rate coefficient is supressed.
The characteristic values of the dipolar bi-alkali molecules are reported in Tab. I. TheB values are reported on the right of Fig. 3 as yellow dashed lines. This distinguishes two groups of molecules for evaporative cooling, the good candidates from the bad. Group 1 (RbCs, NaK, KCs, LiK, NaRb, LiRb, NaCs, LiCs) for whichB > 10 8 has favorable candidates, while group 2 (LiNa, KRb) has unfavorable ones sinceB 10 8 . This holds at collision energies E c = s E3 (see Tab. I for the values), whenk = 1. As mentionned in Sec. II D, a more appropriate value is when the collision energy is on the order of the quantum regime energy (E c = E QR ) since it better reflects the magnitude of the interaction and the collision for the given applied field. Let's take the example ofF = 3. √ 3500 60. The ratio should increase by a factor of 60 for this example compared to the one for E c = s E3 . The precedent conclusions remain unchanged since for the first group, the ratio γ will be bigger than 1000 while for the second group, the ratio increases by the factor of 60 but is not enough to reach the ratio of 1000.
The white contour plots in Fig. 3 correspond to values of the ratio bigger than 10 6 atk = 1. This area is not shown in more detail since we encounter numerical issues leading to unphysical oscillations in the values of the scattering quantities. In this region, the quenching processes are so strongly suppressed that the values ofã im compared to the ones of |ã re | are very tiny, about 10
smaller (see Fig. 4 below) . We believe the log-derivative method cannot achieve higher precision and produces numerical errors. One can use for example more appropriate methods for better numerical precision [40] to fulfill the plot in the white area. From an experimental point of view though, the ratio presented in the figure is already more than sufficient. Whenã im ã re , |ã| 2 |ã re | 2 so that |ã| 2 /ã im |ã re | 2 /ã im . Since |a re |/ã im ∼ 10 10 and |a re | ≥ 10 −4 (see Fig. 4 ), then the white area corresponds to |ã re | 2 /ã im ≥ 10 6 . The results in Fig. 3 are promising for bosonic dipolar molecules under current experimental interest, such as 87 Rb 133 Cs [10, 11] and 23 Na 87 Rb [12] since they belong to the first group as defined above. For NaRb, atF 3.4, the ratio γ reach values above 10 6 for the collision energy range from s E3 = 1.2 10 −11 K (k = 1) to E QR = 4.1 10 −8 K. This is then well appropriate to reach quantum degeneracy of ultracold dipo- lar gases and form Bose-Einstein condensates of dipolar molecules. To compare with, the typical critical temperature T c ∼ 3.3125 2 n 2/3 /mk B where condensation takes place (though for a ideal non-interacting Bose gas) with a typical density of 10 12 molecules/cm 3 is T c ∼ 10 nK for NaRb, which belongs to the energy range where the ratio is favorable for evaporative cooling. It should be noted that E QR is not an upper limit of the collision energy above which the evaporative cooling technique would become unfavorable. The ratio can still remain big (above 1000) for even higher collision energies. It just means that one cannot strictly use Eq.(28) to convert the quantity |ã| 2 /ã im to the ratio γ usingk. For instance for NaRb, the ratio is above 10
6 at E c = E QR , but it can still take a high collision energy for the ratio to get down to 1000. To answer up to which collision energy for each system, one has then to repeat the calculation presented in Fig. 3 as a function of the collision energies. This is not shown here but can be calculated upon request (and for a specific system to save computational time). For RbCs, the ratio γ can reach values of 1000 or above for the collision energy range from s E3 = 8.5 10 −11 K to E QR = 3 10 −7 K, but at a somewhat more limited range of electric fields as shown in Fig. 3, aroundF 3.4. Above or below this field, the ratio can decrease and could become unfavorable.
The results of this paper are not necessarily constrained to bosonic molecules. Earlier studies [23, 24] showed that fermionic molecules also experience quenching suppression. In addition, the adimensional study and parameters remain valid, so that similar outcomes are expected for identical fermionic molecules. Examples of fermionic dipolar molecules of current experimental interest are 40 K 87 Rb [8] and 23 Na 40 K [9] . While fermionic KRb are not good candidates (this was shown already in Ref. [24] ), we can expect that NaK will be a good candidate for quenching suppression. In contrast with fermionic neutral particles (alkali atoms, homonuclear molecules) which interact via the van der Waals interaction at long-range, fermionic dipolar particles in an electric field interact via the dipolar interaction. This modifies the p-wave threshold laws of the elastic process [27, 41] . The elastic cross section tends to a constant at vanishing collision energies, in contrast with the van der Waals interaction where the elastic cross section vanishes as E c 2 . Since the quenching cross section behaves as √ E c , the ratio γ increases at ever lower collision energies. Therefore successful evaporative cooling can also be used to reach quantum degeneracy and form degenerate Fermi gases of dipolar molecules.
Another important experimental issue is the range of fields at which the suppression takes place, reported as FF =[3. 25−3.8] in the last column of Tab. I. For example the LiNa system would require too high electric fields, above 100 kV/cm, to implement the already weak suppression. Generally in an experiment, electric fields up to ∼ 5 kV/cm can be created when the electrodes stand outside the vacuum chamber [13] . Therefore, the suppression can be implemented in such circumstances for the RbCs, KCs, NaRb, NaCs systems, which require electric fields smaller than 5 kV/cm. For the remaining systems KRb, NaK, LiK, LiRb, LiCs, higher fields are required, and the electrodes must be included inside the vacuum chamber [42] .
The characteristic values of representative 2 Σ dipolar molecules such as RbSr, SrF, BaF, YO, which are also of experimental interest [43] [44] [45] [46] [47] [48] , are reported in Tab. I. These molecules are not perfect Hund's case b type of molecules since they have an additional fine and hyperfine structure that should be included in the Hamiltonian. Nevertheless, around the electric fieldF = 3.25, the electronic and nuclear spins can mainly act as spectators [25] .
The correspondingB values, reported as red lines on the left of Fig. 3 , show that for SrF, BaF and YO, the quantity |ã| 2 /ã im is well above 10 3 , making them potential candidates for successful evaporative cooling under the asumption that the spins are spectators. For RbSr, this is like RbCs as discussed above since they share a similar value ofB. γ can reach 1000 but at a restricted range of electric fields.
One cannot tell from Fig. 3 whether high ratios are due to high values ofã, low values ofã im , or a combination of both. This can be seen in Fig. 4 which shows the absolute value of the real part |ã re | (left) and imaginary partã im (right) of the rescaled scattering length as a function ofF , for different values ofB, from 8. 10
3 to 8. 10
13 . |ã re | does not vary much withF whileã im does. When the field crosses the valueF * = 3.25 it strongly suppresses the quenching processes while the elastic ones remain relatively steady. The reason for the high ratio comes then from a suppressed value ofã im rather than an enhanced value of |ã re |. These two plots are also useful to have a direct magnitude of the quenching rate coefficients and elastic cross sections.ã im gives the quenching rate coefficients when multiplied by s β3 × ∆ (see the values in Tab. I) while |ã re | 2 , whenã im ã re , does the same for the elastic cross sections when multiplied by s σ3 × ∆ (see Eq. (27)). Fig. 5 confirms a useful information on the mechanism of the quenching suppression. As mentioned in [25] , a useful approximation nearbyF = 3.25 consists in taking only the m n = 0 projection of the molecules in the calculation (m n1 = m n2 = 0). This is verified from this figure, which shows the ratio |ã re |/ã im as a function ofF for two values ofB = 8. 10
5 (black) and 8. 10 9 (red). The solid curves result from a full calculation, as also shown in the previous figures, while the dashed curves result from the approximation m n1 = m n2 = 0 for the rotational states of the molecules. As one can see in Fig. 5 , the approximation is valid for fields in the range 3.25 ≤F ≤ 3.3. For higher fields, the approximation becomes less and less valid. It strongly overestimates the results at larger fields. The approximated calculation is much faster than the full calculation as it takes much less molecular states into account in the scattering, decreasing the size of the coupled equations. The corresponding molecular states are indicated as red lines in Fig. 2 , while the full calculation employs all the curves (red and black). Therefore this approximation is worth using at fields in the range 3.25 ≤F ≤ 3.3 especially due to its numerical simplicity. This range is somewhat restricted in field but even at F = 3.3 it can indicate with not much numerical effort that the suppression can be already quite strong.
Effect of the electronic van der Waals coefficient
Finally, we discuss the effect of the C el 6 coefficient. As mentioned previously in Sec. II C, the study is in general not strictly adimensional because of the van der Waals C el 6 /r 6 interaction term. But to which extent this is true? This is what Fig. 6 answers, where the ratio |ã re |/ã im is plotted as a function ofF for different values ofB and different values of C el, * 6 . The ratio does not change for the different C el, * 6 employed. The reason can be understood as follows. There are two competing effects for the dispersion term between two XY molecules: (i) an attractive "electronic" van der Waals interaction with a negative coefficient C el 6 ; (ii) a "rotational" van der Waals interaction with a coefficient C rot 6 that can be tuned positive or negative depending on the electric field [24] . The former coefficients are taken from [38] between two |00 molecules and are negative since the interaction is attractive. These coefficients constitute an upper value in magnitude for the coefficient between two |10 molecules. The latter coefficient can be estimated semi-quantitatively by second order perturbation theory where the correction behaves as W 2 /∆E. The dipolar interaction scales = −10000 a.u. as mentioned above for the hypothetical system XY * . This is a fixed value. However, to obtain the rescaled C el,resc. 6 coefficient for the real bi-alkali dipolar molecules, we have to rescale C el, * 6 with a rescaling factor so that
which depends on the system. This is due to the fact that we use a characteristic length and energy relative to the dipolar interaction instead of the van der Waals interaction. The values of the rescaling factor and the resulting C ones so it will not affect the scattering quantities, as seen in Fig. 6 . In that sense, the study can be considered as independent of this coefficient and then adimensional for this specific C employed, and the study is considered adimensional for this group. This is questionable for group 2 though, where |C el 6 | is comparable or bigger than |C rot 6 |, and one has to be careful with the value of C el, * 6 used. One can see that the |C el,resc. 6 | coefficients are much smaller than the real ones |C el 6 | so that we strongly underestimate their values in our calculation. In contrast with group 1, this is not acceptable since we cannot neglect the value of |C el 6 | compared to the value of |C rot 6 |. Therefore, the scattering quantities and the ratio γ are certainly affected and the study cannot be considered as adimensional for group 2. A systematic study is then recommended including the proper C el 6 coefficient. But when doing so, for KRb for instance [24] , the order of magnitude of the ratio γ still remains far below 1000. Then the definition of group 1 and 2 determined above remains unchanged.
IV. CONCLUSION
In conclusion, we performed a general study on shielding ultracold dipolar rotors using an adimensional perspective, in order to identify which systems are good candidates for efficient evaporative cooling based on two-body collisions. We showed that, among the bialkali dipolar molecules, two groups can be distinguished. Group 1, including the molecules RbCs, NaK, KCs, LiK, NaRb, LiRb, NaCs, LiCs, is favorable for efficient evaporative cooling using the shielding mechanism as they have a ratio elastic/quenching processes over 1000 at a collision energy equal to and even higher than their characteristic dipolar energy. Group 2, including LiNa and KRb, is not favorable. In general, the study is not strictly adimensional since it contains two competing interactions, the electronic van der Waals interaction and the dipolar interaction, from which different characteristic length and energy can be defined. As we rescale the Schrödinger equation with the dipolar length and energy, the rescaled expression of the electronic van der Waals interaction breaks the adimensionality. However, the study can be considered adimensional for the first group since the electronic van der Waals coefficient is small in magnitude compared to the rotational one, responsible for the shielding. For group 2, it can not be considered adimensional as the electronic van der Waals coefficient is comparable or even bigger in magnitude compared to the rotational one, so that the electronic van der Waals coefficient we used is underestimated. A systematic study is then recommended for group 2. Despite that, the conclusions of the paper remained qualitatively unchanged.
